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A B S T R A C T
Resting state functional MRI (R-fMRI) studies have shown that slow ( < 0.1 Hz), intrinsic ﬂuctuations of the
blood oxygen level dependent (BOLD) signal are temporally correlated within hierarchically organized
functional systems known as resting state networks (RSNs) (Doucet et al., 2011). Most broadly, this hierarchy
exhibits a dichotomy between two opposed systems (Fox et al., 2005). One system engages with the
environment and includes the visual, auditory, and sensorimotor (SMN) networks as well as the dorsal
attention network (DAN), which controls spatial attention. The other system includes the default mode network
(DMN) and the fronto-parietal control system (FPC), RSNs that instantiate episodic memory and executive
control, respectively. Here, we test the hypothesis, based on the spectral speciﬁcity of electrophysiologic
responses to perceptual vs. memory tasks (Klimesch, 1999; Pfurtscheller and Lopes da Silva, 1999), that these
two large-scale neural systems also manifest frequency speciﬁcity in the resting state. We measured the spatial
correspondence between electrocorticographic (ECoG) band-limited power (BLP) and R-fMRI correlation
patterns in awake, resting, human subjects. Our results show that, while gamma BLP correspondence was
common throughout the brain, theta (4–8 Hz) BLP correspondence was stronger in the DMN and FPC, whereas
alpha (8–12 Hz) correspondence was stronger in the SMN and DAN. Thus, the human brain, at rest, exhibits
frequency speciﬁc electrophysiology, respecting both the spectral structure of task responses and the
hierarchical organization of RSNs.
Introduction
Intrinsic brain activity has emerged as a major focus of systems
neuroscience research (Raichle, 2009). Resting state, i.e., task-free,
functional magnetic resonance imaging (R-fMRI) currently is the
primary technique used in the investigation of intrinsic brain activity
(Smith et al., 2013). On the basis of R-fMRI studies, it is now
established that slow ( < 0.1 Hz), intrinsic ﬂuctuations of the blood
oxygen level dependent (BOLD) signal are temporally correlated within
spatially distributed functional systems. This phenomenon is widely
known as functional connectivity. The associated topographies are
known as resting state networks (RSNs) or, equivalently, intrinsic
connectivity networks (ICNs) (Zielinski et al., 2010).
R-fMRI RSNs are hierarchically organized (Cordes et al., 2002;
Gleiser and Spoormaker, 2010). The RSN hierarchy splits at the highest
level into two "systems," originally referred to as "task positive" vs.
"task negative" (Fox et al., 2005) but more recently conceptualized as
the "extrinsic" vs. "intrinsic" systems (Doucet et al., 2011). The
intrinsic system includes the default mode network (DMN), which is
recruited by episodic memory (Buckner et al., 2008) and social
cognition (Adolphs, 2009), and the fronto-parietal control network
(FPC), which is recruited by executive control tasks (Dosenbach et al.,
2006; Fedorenko et al., 2013). The extrinsic system includes visual
areas, the somatomotor network (SMN), which is recruited during
movement execution and planning, and the dorsal attention network
(DAN), which mediates top-down control of spatial attention (Corbetta
and Shulman, 2002). This distinction between the intrinsic vs. extrinsic
functional systems is supported by meta-analyses of task activation
studies (Shulman et al., 1997a; Shulman et al., 1997b) as well as
hierarchical analyses of R-fMRI (Doucet et al., 2011; Lee et al., 2012).
Although it is generally assumed that there exist electrophysiologi-
cal correlates of RSNs, the fundamental nature of these correlates
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remains under investigation (Scholvinck et al., 2013).
Electrocorticographic (ECoG) recordings from the surface of the brain
provide a means of studying the electrophysiologic correlates of RSNs
at a temporal resolution inaccessible to fMRI. Task-based studies in
primates (Goense and Logothetis, 2008) as well as humans (Koch et al.,
2009; Miller et al., 2014) suggest that the most robust electrophysio-
logical correlate of task engagement is increased wide band power,
nominally in the range of 40–150 Hz. Not surprisingly, induced
broadband ECoG activity also robustly corresponds to task evoked
BOLD fMRI responses (Winawer et al., 2013). Indeed, mapping of
task-induced, invasively recorded gamma band (nominally, 60–
130 Hz) activity is increasingly used as a means of localizing function
in neurosurgical patients (Qian et al., 2013).
Comparatively less is known about the spectral characteristics of
resting state electrophysiological activity in relation to R-fMRI. For
technical as well as patient safety reasons, studying resting-state
electrophysiology in relation to R-fMRI generally involves acquiring
each modality separately and then evaluating the spatial correspon-
dence between the electrophysiological and BOLD R-fMRI temporal
correlation structures.2 The correlation structure of spontaneous ECoG
activity has been computed in two ways: (1) directly from local ﬁeld
potentials or (2) as the temporal correlation of slow modulations in the
band limited power (BLP) envelopes of fast LFP oscillations (Engel
et al., 2013; He et al., 2008; Leopold et al., 2003). Here, we exclusively
use the second, BLP-based method. Prior human studies suggest that
the spatial correspondence between ECoG BLP temporal correlations
and BOLD R-fMRI temporal correlations is best observed with BLP
evaluated in the gamma range (nominally, 70–110 Hz) (He et al.,
2008; Keller et al., 2013). However, other observations suggest that
BLP correlations may be, at least under some circumstances, more
robust at slower carrier frequencies, i.e., in the theta and alpha ranges
(4–13 Hz) (Wang et al., 2012). Thus, which carrier frequencies exhibit
BLP envelope correlations that most closely correspond to the topo-
graphy of R-fMRI RSNs remains uncertain. Here, we report a
systematic investigation of this question in human epilepsy patients.
Clues regarding what might be expected derive from a large body of
work that has associated alpha (8–12 Hz) desynchronization (power
decreases) with motor (Pfurtscheller and Lopes da Silva, 1999) and
perceptual/attentional tasks (Klimesch, 1999; Sauseng et al., 2009). In
contrast, executive control (Sederberg et al., 2003), working memory
(Bastiaansen et al., 2008; Raghavachari et al., 2001), and episodic
memory tasks (Fell et al., 2011), induce theta (4–8 Hz) synchroniza-
tion, although not necessarily theta BLP increases. It is generally
agreed that engagement of the extrinsic system predominantly sup-
presses alpha oscillations (Klimesch, 1999; Miller et al., 2007;
Sederberg et al., 2003). Engagement of the intrinsic system has been
variably reported as enhancing (Colgin, 2013) or suppressing (Burke
et al., 2015; Crespo-García et al., 2016; Greenberg et al., 2015) theta
oscillations. However, if these modulations (of either sign) are sponta-
neously coordinated across regions (i.e., in the task-free state), we may
expect to observe spectrally speciﬁc spatial correspondences between
BLP correlations and BOLD fMRI RSNs. Moreover, this spectral
speciﬁcity should depend on large-scale functional system, i.e., the
intrinsic vs. the extrinsic system.
Methods
Participants
All participants were patients at Barnes Jewish Hospital or St. Louis
Children's Hospital with drug-resistant epilepsy undergoing electro-
corticographic (ECoG) monitoring to localize seizure foci. All partici-
pants provided informed consent with oversight by the local
Institutional Review Board in accordance with the National Institutes
of Health guidelines and the ethical standards of the Declaration of
Helsinki. Participants were selected from a database of 25 patients who
had undergone invasive monitoring and provided consent for ECoG
and fMRI research. Initial inclusion criteria were at least 4 days of
clinical ECoG recordings as well as pre-operative structural and
functional MRI and post-implant X-ray computed tomography (CT)
images were acquired. Subjects were excluded based on 4 categories of
criteria. 1) Available data: no post-operative CT (n=3), no resting fMRI
(n=3, 2 of which were contra-indicated due to presence of vagal nerve
stimulators), clinical ECoG recordings not available (n=2). 2)
Pathology: extensive cortical dysplasia (n=1) or neoplasia (n=1). 3)
Post-operative complications: hematoma (n=1). 4) Cognition: IQ < 75
(n=2), congenital blindness (n=1), aphasia (n=1). 5) Data quality:
fMRI head motion ( < 75% usable frames, n=3; see Image
Preprocessing), insuﬃcient number of seizure free epochs (n=1). Six
subjects passed all inclusion criteria (see Table S1 for subject proﬁles).
fMRI acquisition and preprocessing
Structural and functional imaging was performed with a 3T Tim
Trio Scanner (Siemens, Erlangen, Germany) using product sequences.
Functional images were acquired using a BOLD contrast sensitive
gradient echo echo-planar sequence (90° ﬂip angle, (4 mm)3 voxel size,
2.16 s TR; see also Table S2) during which participants were instructed
to ﬁxate on a visual cross-hair, remain still and not fall asleep.
Anatomical imaging included one sagittal T1-weighted magnetization
prepared rapid gradient echo (MP-RAGE) scan and one T2-weighted
scan.
fMRI preprocessing proceeded as previously described (Hacker
et al., 2013) with the addition of image distortion correction using the
FUGUE module in FSL (Jenkinson et al., 2012). Field maps were
approximated using the technique described by Gholipour et al. (2008).
Distortion correction and motion correction were combined in one
resampling step to generate volumetric time-series in Talairach atlas
space (3×3×3 mm cubic voxels). Additional preprocessing in prepara-
tion for FC analyses included motion censoring based on the DVARS
(temporal derivative of RMS BOLD signal across voxels) measure
(Power et al., 2012; Smyser et al., 2010). Motion censoring was
computed before de-noising to exclude frames (volumes) with "cosme-
tically" improved DVARS values but retained artifact (Power et al.,
2014). The DVARS censoring threshold was set at 0.5% root-mean-
square frame-to-frame BOLD signal change (Power et al., 2014)
following 6 mm spatial pre-blur in each direction (used only for frame
censoring). Epochs containing fewer than 10 contiguous frames meet-
ing the DVARS criterion were excluded from the functional connectiv-
ity computations. The fraction of censored data from each participant is
listed in Table S2.
Following motion censoring, the retained frames were made zero-
mean within each voxel but the data were not otherwise temporally or
spatially ﬁltered. Initial de-noising was accomplished using a strategy
similar to CompCor (Behzadi et al., 2007). Nuisance regressors were
derived from white matter and ventricle masks, segmented in each
individual using FreeSurfer (Fischl, 2012), then spatially resampled in
register with the functional data. Nuisance regressors also were
extracted from voxels in the extra-axial CSF space exhibiting high ( >
2.5%) temporal standard deviation. Nuisance regressors also were
derived from rigid body head motion correction. Following nuisance
regression, the volumetric timeseries were further de-noised using an
ICA regression approach. Because of the small number of subjects
(n=6) in this study, components for all subjects were manually
classiﬁed according to established criteria (Kelly et al., 2010).
Unambiguously artifactual components were eliminated by linear
regression (Fig. S1). The global signal (GS) averaged over the whole
brain and its temporal derivative were removed by linear regression
2 Intracranial EEG recording simultaneously with fMRI is possible but technically very
challenging, hence, used only for seizure focus localization (Grouiller et al., 2011).
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(see Keller et al. (2013)), for discussion of GS regression in ECoG:fMRI
comparisons). fMRI timeseries were prepared for comparison to ECoG
data by ribbon-constrained volume to surface resampling using the
Human Connectome Project pipeline (Glasser et al., 2013).
Resting state network topographies were computed in each subject
using a supervised classiﬁcation method (Hacker et al., 2013). Brieﬂy,
this technique employs a neural network (speciﬁcally, a multi-layer
perceptron performing non-linear regression) that has been trained to
associate correlation maps of a standard set of task-derived seed
regions with pre-deﬁned RSN labels. We classiﬁed seed-based fMRI
correlation maps generated at every brain locus to produce RSN
topographies throughout the brain.
Fig. 1. Methodology for spatially comparing ECoG and fMRI correlation maps. A. fMRI timeseries are sampled to electrodes according to the relative sensitivity to dipoles across the
cortical surface (see Methods and Fig. S2 andS3). B. ECoG data are band-pass ﬁltered and rectiﬁed to compute the band-limited power (BLP) envelope. The BLP is further bandpass
ﬁltered to isolate particular envelope frequency components (see Methods). C and D. Temporal correlations are computed between all pairs of electrodes for both fMRI and ECoG data.
Correlation matrices are shown after the removal of the systematic relationship between correlation and inter-electrode distance in both modalities (see Fig. S3 and S4 for methodology
for producing these correlation matrices). E and F. Each column of the correlation matrix corresponds to one seed-based correlation map (illustrated on brain surfaces for ECoG and
fMRI data, large marker: seed electrode). Local correlations are removed ('distance regression,' see Fig. S5). The (spatial) correlation is computed between column-vectors corresponding
to the same seed to obtain a single measure of ECoG:fMRI correspondence at a particular seed electrode and ECoG frequency.
C.D. Hacker et al. NeuroImage 149 (2017) 446–457
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Anatomical registration of electrodes
After electrode implantation (Fig. S2A), a post-operative CT image
(Fig. S2B) was registered (6-parameter rigid body) to the pre-operative
T1-weighted image (Fig. S2C). Post-implantation, ECoG electrodes
generally are displaced downwards relative to the pre-operative brain
surface owing to traction generated by dural over-sewing. To correct
this displacement, electrodes were projected to a highly smoothed pial
surface (a modiﬁed FreeSurfer segmentation) using normal vectors
computed from grid and strip geometry (Fig. S2D). Following this
correction, total electrode localization error was estimated as ~2 mm.
This precision is comparable to previous results (Hermes et al., 2010).
Imaging-based electrode exclusion
fMRI data characteristically are compromised by focal areas of
signal dropout caused by magnetization susceptibility inhomogeneities
(Ojemann et al., 1997). To accommodate this problem, an intensity iso-
surface was computed at 50% of the mean brain value. Electrodes more
than 5 mm distant from the iso-surface were excluded from the
ECoG:fMRI analyses (see Table S1, Rejected (Imaging) column).
Sampling BOLD data to electrodes
Our work incorporates several methodological innovations in the
comparison of ECoG and fMRI data designed to enhance speciﬁcity. To
improve registration of fMRI data with electrodes, we incorporated
knowledge of the local cortical surface geometry in weighting the
contribution of fMRI signal at each electrode. fMRI noise was also
reduced by geodesic smoothing on the cortical surface (Glasser et al.,
2013). These maneuvers, in combination, reduced cross-gyral contam-
ination and improved spatial speciﬁcity while preserving the fMRI
signal to noise ratio. After registration of electrode coordinates to
individual cortical surfaces (Fig. S2E), surface fMRI timeseries were
projected to each electrode according to the expected relative contribu-
tion of each brain locus modeled under electrostatic assumptions.
Speciﬁcally, the cerebral grey matter was modeled as a sheet of diploes
oriented normal to the cortical mid-thickness surface. The angular
component of the dipole was ignored because it was empirically
determined that small errors in electrode registration relative to the
cortical ribbon geometry led to numerical instability. Thus, the forward
solution was modeled by the inverse square of the distance from
cortical mid-thickness surface vertices (rj) to points on the electrode
surface (r ).i The contribution to electrode e of cortical surface vertices
jwere found by integrating over all elements i of the electrode surface
Se:
∫w r r dS= −ej
i S
i j e
∈
−2
e (1)
The surface map of weights for electrode e, we∙, was normalized to
unit sum:
w
w
w
=
∑ej
ej
j S ej∈ (2)
These weights were expressed as a matrix, W , of dimension
[electrodes × cortical vertices]. W was used to sample cortical surface
maps of each frame of the fMRI timeseries, f t( ), onto the space of
electrodes: f t Wf t( ) = ( )e . f t( )e was subsequently used to compute the
fMRI temporal correlation matrix in electrode space, thereby ensuring
that the fMRI and ECoG data were analyzed identically. The same
sampling weights were used for sampling RSN network membership
estimates to electrodes for classifying electrodes into RSNs. The weight
matrix W was also used for illustrative purposes to create surface
displays of correlation maps computed in electrode space, e.g., the
topographies in Fig. 1.
ECoG data acquisition and preprocessing
Implanted electrodes (platinum, 4 mm, 2.3 mm exposed, PMT
corporation) were 8×8 or 6×8 grids (with 1 cm spacing) and strips
(1×4, 1×6, or 1×8), placed subdurally facing the cortical surface. A
separate strip facing the skull served as ground and reference for the
ampliﬁer (Proamp, Lamont Medical Inc). Data were recorded at
512 Hz (except PT1, where the sampling rate was 200 Hz) with a
0.1–500 Hz band-pass ﬁlter (18-dB/octave roll-oﬀ). Data were
screened for channels with excessive noise and epochs with excessive
environmental noise across all channels; channels exhibiting inter-ictal
activity also were excluded.
Long intervals of wakefulness with minimal motor activity (eating,
talking, arm or head movements) were included. Sleep epochs were
deﬁned behaviorally with the video records; additionally, periods of
sustained delta power ( > 20% power in the 0.5–4 Hz range) were
identiﬁed as slow wave sleep (SWS) and excluded. The present
ECoG:fMRI analyses include only ECoG recordings at least 30 min
separated from behaviorally identiﬁed sleep (from video recordings) or
electrophysiologically identiﬁed SWS. Ictal events were identiﬁed by
clinical staﬀ. ECoG data recorded up to 2 h following ictal events were
excluded.
ECoG signals were referenced to a common average. A de-spiking
function, f x a tan x a( )= ∙ ( / )−1 , where a is 5 s.d. of the signal, was applied
to attenuate transient artifacts from medical devices (e.g., IV pumps).
Data were further inspected for artifact in the time-frequency domain.
ECoG signals were decomposed into frequency components by zero-
phase digital ﬁltering using a 2nd order Butterworth ﬁlter in the
forward and reverse directions (eﬀectively, 4th order). Frequency bins
were logarithmically spaced with bin edges deﬁned as 2k Hz, where k
ranges from 0 to 7 in increments of 0.1. The ﬁltered signals were
squared to produce instantaneous power. In other applications, a low-
pass ﬁlter could be applied to recover the full signal envelope
(equivalent to envelopes obtained using the Hilbert transform).
However, we wanted to subdivide envelope modulations into distinct
frequency bands. Accordingly, we applied a second band-pass ﬁlter to
the squared signals obtained in the previous step to obtain 'envelope
frequency' bins. Envelope frequency bins were logarithmically spaced
with bin edges deﬁned as 10k Hz, where k ranges from -2.5 to 1.25 in
increments of 0.25. Measurable envelope frequencies cannot exceed
the bin width applied to the carrier frequency. Thus, for example, for
BLP bin spanning 104–111 Hz, the envelope signal was ﬁltered to
isolate frequency components ranging from 0.003 Hz to a maximum of
7 Hz (i.e., the width of the 104–111 Hz carrier frequency bin).
Computation of ECoG:fMRI correspondence spectra
The objective of the present work is to investigate how the spatial
correspondence between ECoG BLP correlations and BOLD RSNs
depends on electrophysiological spectral content. To this end, we
compare the large-scale topography of seed-based correlations of
fMRI time series and ECoG signals as a function of ECoG BLP carrier
and envelope frequencies. We deﬁne the results of this spatial
comparison as an ECoG:fMRI correspondence spectrum, computed
for each seed locus.
Pearson product-moment correlation maps for each type of data
were computed across all pairs of electrodes, treating the fMRI and
ECoG BLP timeseries identically. Before computing ECoG:fMRI corre-
spondence spectra, we took into account that both ECoG and BOLD
correlations are systematically greater at short distances. Thus, depen-
dence on distance of both ECoG and BOLD fMRI correlations was
removed by B-spline regression prior to computing ECoG:fMRI
correspondence spectra. This procedure removes local correlations
within each modality (fMRI and ECoG; see Figs. S3 andS4), which, if
present, would produce non-speciﬁc cross modal correspondence at all
electrodes and at all frequencies. This distance regression strategy
C.D. Hacker et al. NeuroImage 149 (2017) 446–457
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removes radially symmetric correlations and is spatially stationary
(similar in principle to a spatial high-pass ﬁlter). Hence, it is inherently
unbiased with respect to speciﬁc RSNs (see on-line Supplementary
Discussion and Fig. S5 for addition details). Empirically, distance
regression removes a baseline level of ECoG:fMRI correspondence that
is present at all frequencies thereby revealing increased spectral
focality (Fig. S5.C vs. S5.F). Finally, ECoG:fMRI correspondence was
computed as the Fisher z-transformed spatial correlation of the ECoG
band-limited power (BLP) and fMRI correlation maps. Correspondence
was computed parametric in carrier and envelope frequency, thereby
producing carrier frequency×envelope frequency correspondence spec-
tra for each electrode (e.g., Fig. 1C). As a ﬁnal step, correspondence
spectra were smoothed with a moving average ﬁlter (span of 3 bins) in
log frequency space.
Results
To enable direct comparison of resting state ECoG vs. BOLD fMRI
temporal correlations, preprocessed fMRI timeseries (see Methods)
were projected onto the brain surface and subsequently resampled at
electrode loci (see Figs. S1–S3). Surface-to-electrode BOLD signal
resampling was computed according to the expected electrophysiologic
contribution of each surface locus modeled as a transcortical dipole.
ECoG signals were referenced to the common mean (excluding noisy
and ictal electrodes) and band-pass ﬁltered at logarithmic intervals to
isolate particular carrier frequencies; these band-limited signals were
squared and then ﬁltered to isolate speciﬁc modulation frequencies of
the BLP signal derived from a given carrier frequency band (see
Methods for further details). Pearson product-moment temporal
correlations were computed for all electrode pairs, treating the fMRI
and ECoG BLP timeseries identically. ECoG:fMRI correspondence was
computed as the spatial correlation of the ECoG BLP and fMRI
(temporal) correlation maps. Fig. 1 illustrates this analysis scheme
for one seed electrode at one frequency.
Exemplar results are shown in Fig. 2. Panel A shows the fMRI
correlation map obtained with a seed electrode overlying the middle
frontal gyrus (MFG), a locus within the fronto-parietal control RSN,
which is a component of the intrinsic system. Positive correlation was
observed with signals in lateral parietal cortex (frontoparietal control
network) and superior frontal cortex (default mode), and negative
correlation with precentral/postcentral cortex (motor), and intrapar-
ietal sulcus (dorsal attention). Panel B shows the corresponding ECoG
BLP seed-based correlation maps obtained with the same seed at
various carrier frequencies. As is evident in panels A and B, the
topography of theta and gamma (asterisks) but not alpha BLP correla-
tions was spatially similar to the topography of BOLD fMRI temporal
correlations. A quantitative summary of these ﬁndings is presented
Fig. 2C, which shows the ECoG:fMRI correspondence spectrum (across
carrier×modulation frequencies). ECoG:fMRI correspondence was
modestly dependent on modulation frequency but strongly dependent
on carrier frequency. Thus, BLP spectral speciﬁcity appears in the
carrier×modulation display as broad horizontal bands with peaks
within the high gamma (50–100 Hz) and theta (4–8 Hz) carrier
frequencies. Panels D-F illustrate complementary results, obtained
with an electrode seed overlying the post-central gyrus (PoCG), a locus
within the SMN, which is a component of the extrinsic system. This
locus showed strong ECoG:fMRI correspondence with alpha (8–12 Hz)
and gamma but not theta frequencies. Thus, whereas both seeds
exhibited similar resting state BOLD fMRI and BLP correlation
topographies at high gamma frequencies, intrinsic vs. extrinsic spectral
speciﬁcity was observed at theta and alpha BLP frequencies, respec-
tively. See Fig. S6 for additional intrinsic system and extrinsic system
exemplars for all other subjects.
Fig. 3 extends the analysis shown in Fig. 2 to include all electrodes in
one subject. The cortical surface was parcellated into seven RSNs
according to our previously reported scheme (Hacker et al., 2013).
RSNs generally are comprised of spatially discontiguous regions (nodes).
For example, the fronto-parietal control (FPC) RSN includes ﬁve distinct
nodes within the illustrated cortical surface (color coded yellow in
Fig. 3A). Thus, each electrode was assigned to one node of one RSN.
Correspondence spectra were averaged across electrodes within each
node. The results of this analysis (Fig. 3B) reveal the dependence of
ECoG:fMRI correspondence on RSN. High correspondence in the gamma
frequency range (nominally, above 45 Hz) is ubiquitous. Low correspon-
dence is generally observed in the low-gamma frequency range (nomin-
ally, 25–50 Hz). At lower BLP frequencies, the frequency of maximal
correspondence depends on RSN. Thus, components of the dorsal
attention network (DAN; dark blue in Fig. 3A) exhibit high correspon-
dence in the low-alpha range (8–10 Hz), whereas components of the
fronto-parietal control (FPC; yellow in Fig. 3A) RSN exhibit maximal
correspondence in the theta range (4–8 Hz).
The results in Fig. 3B suggest that the ﬁne features (locations of
peaks and troughs) of ECoG:fMRI correspondence spectra diﬀer
according to RSN in the 4–12 Hz range. To quantify this eﬀect, we
computed a numerical index of correspondence spectrum similarity for
all electrode pairs. Speciﬁcally, the correspondence spectrum at each
electrode was ﬁrst linearly detrended within the 4–12 Hz range; the
result of this process is illustrated in Fig. 3C. The Pearson correlation
coeﬃcient was then computed between detrended spectra for all
electrode pairs (Fig. 3D). This matrix (Fig. 3D) demonstrates similarity
of spectral features at the highest level of the RSN hierarchy: high
similarity was found between all electrodes within the DAN and the
sensorimotor network (SMN; extrinsic system). High similarity was
also found between all electrodes within the FPC and the default mode
network (DMN; intrinsic system). In contrast, low similarity was found
for electrodes paired on opposing components of the hierarchy, e.g.,
DAN:DMN.
Similar features were observed across subjects. Fig. 4 illustrates the
RSN topography and electrode coverage for each subject (left panels).
Correspondence spectra for each electrode were detrended as in
Fig. 3C, then averaged across all electrodes within each RSN (Fig. 4
middle panels). This analysis reveals relatively greater ECoG:fMRI
correspondence in the alpha range for electrodes in the DAN and SMN
and relatively greater ECoG:fMRI correspondence in the theta range
for FPC and DMN. Similarity of spectral features (Fig. 4 right panels)
was computed via correlation of correspondence spectra across each
pair of RSN averages (analogous to correlations across electrode pairs
in Fig. 3D). Within system (extrinsic, DAN:SMN; intrinsic, FPC:DMN)
similarities were greater than across system (e.g., DAN:DMN) simila-
rities in every subject. We used a permutation resampling-based
approach to estimate the statistical signiﬁcance of this result.
Electrodes were randomly assigned RSN labels (keeping the number
of electrodes per RSN constant), and the surrogate statistic for within
vs. across system spectral correlation (average of DAN:SMN and
FPC:DMN minus average of DAN:DMN, DAN:FPC, SMN:DMN, and
SMN:FPC), was computed. 100,000 permutations were performed
allowing us to estimate the null hypothesis of no signiﬁcant diﬀerence.
The proportion of surrogates exceeding the within vs. across similarity
statistic in the real data was used to calculate subject-speciﬁc p-values
(see Fig. 4), which were less than 0.05 in every subject.
The spectral speciﬁcity of resting-state BLP ﬂuctuations across
RSNs within the theta-alpha frequency range was not attributable to
diﬀerences in spectral power. See Fig. S6 for power spectral density
averaged across all electrodes within each RSN for each subject. It is
also note that the large gamma correspondence peak, common across
all networks, does not have a corresponding peak in the typical resting
ECoG power spectral density.
Fig. 5A illustrates the group average correspondence spectrum for
each RSN (across all electrodes of all subjects). Group averaged RSN-
speciﬁc spectra revealed convincing system-speciﬁc features: the
extrinsic system (DAN and SMN) spectra peaked at 9 Hz. The intrinsic
system (DMN and FPC) spectra peaked at 7 Hz. These diﬀerences in
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peak loci also were consistently obtained at the single subject level
(Fig. 5B). Similarity of RSN-speciﬁc spectra within and across systems
was evaluated for each subject as the Fisher z-transformed Pearson
correlation over log frequency spanning 4–12 Hz (Fig. 4, right panels).
The RSN spectral similarity matrices were averaged over subjects to
obtain the group-level results shown in Fig. 5C. These results clearly
reveal a block structure corresponding to the extrinsic vs. intrinsic
system dichotomy. Distributions over subjects of the RSN:RSN simi-
larity measures are shown in Fig. 5D. At the group level, within-system
correlations (average of DAN:SMN and FPC:DMN) were systematically
higher than across-system correlations (average of DAN:DMN,
DAN:FPC, SMN:DMN, and SMN:FPC), (p < 0.0001, one sided t-test).
This result remained signiﬁcant when estimated using the resampling
approach described above (p < 10-5). Using rank order (Spearman's)
correlation coeﬃcients did not signiﬁcantly aﬀect ECoG:fMRI spatial
correlations. Rank order correlations were slightly weaker for high
values of spatial correlation. Rank-order-based correspondence spectra
had nearly identical spectral features and inter-RSN spectral correla-
tions; greater within- vs. across-system spectral similarity remained
signiﬁcant (p < 0.002).
Fig. 6 shows extrinsic and intrinsic system correspondence spectra
averaged over all subjects. These results demonstrate, at the group
level, the principle features illustrated in Fig. 2: ECoG:fMRI corre-
spondence depends only modestly on modulation frequency but is
sharply tuned in carrier frequency (panels A and B). The extrinsic and
intrinsic systems both exhibit high ECoG:fMRI correspondence in the
gamma ( > 50 Hz) carrier frequency range and a trough at approxi-
mately 35 Hz (panel C). Most importantly, extrinsic vs. intrinsic carrier
frequency speciﬁcity is most marked in the 4–12 Hz range, i.e., in the
theta and alpha bands.
Discussion
Summary of present ﬁndings
The principal aim of this work is to determine which BLP carrier
frequencies show spontaneously correlated envelope modulations in
topographic correspondence with BOLD fMRI RSNs. As far as we are
aware, this is the ﬁrst systematic, wide-coverage examination of human
ECoG:fMRI correspondence parametric in BLP carrier frequency. We
ﬁnd ubiquitous correspondence in the gamma band (nominally,
frequencies, > 60 Hz), in accordance with prior work (He et al.,
2008; Keller et al., 2013; Ko et al., 2013). Crucially, we also ﬁnd
correspondence in either the theta (3–8 Hz) or alpha (8–12 Hz) band,
depending in whether the RSN in question falls within the intrinsic or
extrinsic system. A consequence of these ﬁndings is a minimum of
correspondence at in-between frequencies (centered around 40 Hz)
(Fig. 6).
Prior related ﬁndings include the observation of spontaneously
correlated alpha BLP as well as spontaneously correlated fast activity
(gamma BLP and multi-unit ﬁring) in homologous parts of auditory
cortex (Nir et al., 2008)(Supplemental Information). These observa-
tions are consistent with the present results under the view that
auditory cortex belongs to the extrinsic system. Prior related work also
includes an investigation of spontaneously modulated BLP within the
visual system of monkeys (Wang et al., 2012). Wang and colleagues
reported alpha (8–13 Hz) much greater than gamma (30–100 Hz) BLP
correlation. An emphasis on the alpha band is consistent with the
present ﬁndings under the view that visual areas fall within the
extrinsic system. The observation of relatively weak gamma BLP
correlations is somewhat anomalous considering the available data as
Fig. 2. Spatial correspondence of ECoG and fMRI correlation maps in a single subject. A. Seed-based fMRI correlation map for a seed region (white circle) overlying the middle frontal
gyrus (MFG), within the fronto-parietal control system (FPC). The correlation map rendering is limited to regions with electrode coverage. B. Seed-based ECoG BLP correlation maps for
the same seed location as in A. C. ECoG:fMRI correspondence assessed by spatial correlation of (A) and (B), parametric in ECoG BLP carrier and modulation frequencies. Colored circles
indicate frequencies for exemplars in (B). Note that ECoG correlation maps for theta and gamma frequencies (asterisks) for this seed region in (B) are similar to the fMRI correlation
map in (A). Bottom half (D,E,F) illustrates results as per A,B,C for a seed region in the post-central gyrus (PoCG), within the sensorimotor network (SMN). Note that correlation maps for
the SMN seed at alpha (rather than theta) and gamma frequencies (asterisks in E) are similar to the fMRI correlation map in (D). Thus, the frequency speciﬁc ECoG:fMRI similarity
produces complimentary peaks of spatial correlation in the theta and alpha ranges in panels C and F, respectively.
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a whole. A possible explanation for this discrepancy is that Wang and
colleagues used penetrating microelectrodes as opposed to macro-
electrodes resting on the cortical surface; alpha oscillations dominate
local ﬁeld potentials in deeper cortical layers while gamma oscillations
are more prevalent at the surface (Spaak et al., 2012) (see also
Sampling BOLD Data to Electrodes, above).
Cross-frequency coupling
Evidence pertaining to the spectral speciﬁcity of LFPs is contained
in a large literature on phase-amplitude cross-frequency coupling
(PAC). PAC refers to amplitude modulation of fast electrophysiological
activity by the phase of slower activity (Canolty and Knight, 2010;
Jiang et al., 2015). Theta-gamma PAC was ﬁrst described as a correlate
of exploratory behavior in rodents (Buzsaki, 2002; Colgin, 2013) and
has since been extensively studied in humans using ECoG, e.g.,
(Kahana et al., 1999).3 It currently is widely accepted that high-
frequency activity, e.g., gamma oscillations and spike discharge, reﬂect
local processing (Buzsaki and Wang, 2012; Nir et al., 2007) whereas
phase-synchronous slower activity, i.e., in the theta, alpha, beta
frequency ranges (nominally, 4–30 Hz), coordinates excitability over
widely separated parts of the brain (Bahramisharif et al., 2013; Burke
et al., 2015; Ekstrom and Watrous, 2014; Jensen et al., 2014; van der
Meij et al., 2012). This coordinating mechanism selectively links
appropriate sensory, motor, task control, and memory modules accord-
ing to instantaneous behavioral requirements (Fries, 2005; Helfrich
and Knight, 2016). Several additional points that are crucial to the
present discussion derive from the recent ECoG literature: (i) PAC is
present in the resting state (i.e., in the absence of overt behavior)
(Arnulfo et al., 2015). (ii) Whether the phase-deﬁning frequency occurs
in the theta or alpha band depends on brain locus. For example, in
resting state ECoG data, Foster and Parvizi observed theta-gamma PAC
in posterior precuneus cortex (PCC; intrinsic system), but alpha-
gamma PAC in nearby visual cortex (extrinsic system) (Foster and
Parvizi, 2012). (iii) The topography of correlated resting state activity
matches the topography of task-induced high-frequency responses,
e.g., (Foster et al., 2015; Fukushima et al., 2012).
Relation to task-based ECoG
We interpret our results as suggesting that the intrinsic vs. extrinsic
system dichotomy corresponds to the distinction between the theta-
Fig. 3. ECoG:fMRI correspondence spectra vary according to RSN. Results shown for the same subject as Fig. 2. A. RSN nodes deﬁned within-subject by supervised classiﬁcation of
fMRI signal correlation patterns. B. ECoG:fMRI correspondence spectra averaged across electrodes within each node (grey traces: individual electrodes, thick line: within-node electrode
average). C. Top: Correspondence spectra aggregated over SMN and FPC networks. Bottom: Correspondence spectra after linear detrending. Note a predominance FPC peaks at 6 Hz
and SMN peaks at 9 Hz. Black bar indicates range of frequencies used to compute correlations in D. D. Correspondence spectrum similarity across electrode pairs computed by linear
correlation over the 4–12 Hz range. SFG: superior frontal gyrus (DMN); MFG: middle frontal gyrus (FPC); FEF: frontal eye ﬁeld (DAN); CS: central sulcus (SMN); IPS: intra-parietal
sulcus (DAN); IPL: inferior parietal lobule (DAN).
3 Rodent theta (6–10Hz) is faster than primate theta (1–8Hz) but the physiology and
computational signiﬁcance of theta-gamma PAC probably is otherwise similar (Buzsaki
et al., 2013; Watrous et al., 2013a).
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Fig. 4. RSN coverage and spectral speciﬁcity of ECoG-fMRI correspondence for all subjects. Left Panels: Winner-take-all RSN parcellation rendered on the pial surface. Marker overlays
indicate the placement of electrodes. Colors indicate the RSN to which each electrode was assigned (see Fig. 3). Middle Panels: detrended correspondence spectra averaged across all
electrodes within each RSN. In this display, the detrended spectra were Z-scored. Right panels: correlation of correspondence spectra across each pair of RSN averages. P-values in
middle panels indicate the statistical signiﬁcance for a test of greater similarity in spectral features across network pairs that are within-system (average of DAN:SMN and FPC:DMN
correlations) than across-system (average of DAN:DMN, DAN:FPC, SMN:DMN, and SMN:FPC correlations).
Fig. 5. A. ECoG:fMRI correspondence spectra averaged within RSNs across all electrodes and all subjects. B. Detrended ECoG:fMRI spatial correlation spectra averaged within RSNs.
Each trace corresponds to an individual participant. C. Correlation between RSN-averaged detrended spectra shown in panel (B), averaged across participants. Higher correlation (red
hues) indicates greater similarity of RSN-speciﬁc spectral features. D. Distributions of inter-RSN spectral correlations over subjects. Within each box plot the red line indicates the inter-
subject median, the blue box indicates inter-quartile range, and whiskers: range. Asterisk indicates signiﬁcant t-test for greater within system vs. across system RSN spectral correlations.
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gamma vs. alpha-gamma PAC electrophysiology. If we assume that the
characteristic spectral content of responses to imposed tasks also
emerges spontaneously in the resting state, then support for the
present perspective may be obtained by comparing our correspondence
spectra to a sizeable literature on task-based (as opposed to resting
state) ECoG experiments (see Roux and Uhlhaas (2014) for review).
Accordingly, we review the frequency and topography of oscillatory
responses induced by performance of task paradigms designed to
recruit either the intrinsic or extrinsic systems.
Hippocampal theta/gamma historically has been associated with
encoding and recall of memory for places and events (Buzsaki and
Moser, 2013). This association was ﬁrst studied in rodents but has
since been amply documented in humans with implanted hippocampal
microelectrodes (Kahana et al., 1999; Lega et al., 2016; Sederberg
et al., 2003) as well as in humans with ECoG electrodes over retro-
splenial cortex (Foster et al., 2013). Hippocampus and retrosplenial
cortex unambiguously are part of the intrinsic system (Kahn et al.,
2008). Theta responses induced by navigation, working memory,
language, and conﬂict paradigms have been reported by several groups
(Anderson et al., 2010; Piai et al., 2016; Raghavachari et al., 2001;
Watrous et al., 2013b). The key point here is that these responses
generally localize to posterior cingulate, parahippocampal, temporal,
parietal, and prefrontal regions that fall within either the DMN or the
FPC (compare Fig. S1 inWatrous et al. (2013b)) to Fig. 1 in Lee et al.
(2012) or Fig. 4 in Doucet et al. (2011)).4 Theta bursting, originally
observed in scalp EEG, has long been associated with conﬂict tasks
(Cavanagh and Frank, 2014). Recent ECoG experiments deﬁnitively
identify the generator of this response as the rostral cingulate zone
(also known as dorsomedial prefrontal cortex), a major node of the FPC
(compare Fig. 7 inHacker et al. (2013) to Fig. 1 inOehrn et al. (2014)).
Importantly, theta burst responses induced by conﬂict have been
recorded in human hippocampus (Oehrn et al., 2015). Moreover,
midline frontal EEG theta is induced by memory as well as conﬂict
paradigms (Hsieh and Ranganath, 2014). These observations, in
aggregate, support a triple association between a particular class of
cognitive operation (episodic/place memory, working memory, and
conﬂict monitoring), theta oscillations, and the intrinsic system.
Motor behaviors suppress alpha (8–12 Hz) and beta (13–30 Hz)
oscillations in association with enhanced gamma power in somatomo-
tor cortex (Miller et al., 2007). Alpha suppression also is a correlate of
auditory processing (Potes et al., 2014). Similar phenomenology as a
correlate of visual processing has been frequently studied in humans
using MEG and EEG (Jensen et al., 2014) but seldom using ECoG,
probably because occipital electrode coverage is comparatively unusual
Fig. 6. System-level spectral speciﬁcity of ECoG correlations. A. Correspondence spectrum averaged across all electrodes overlying intrinsic system RSNs (average over all subjects).
Note similarity of spectral features in carrier domain to exemplar in Fig. 2C. B. Correspondence spectrum average for all extrinsic system electrodes in the same format as (A). Note
similarity to Fig. 2F. A soft threshold is present in the color scale in panels A (intrinsic system) and B (extrinsic system) to emphasize the location of spectral peaks. The intrinsic and
extrinsic systems exhibit a gamma spectral peak at the same frequency, but diﬀerent peaks for low frequencies: 9–10 Hz for the extrinsic system average vs. 6–7 Hz for the intrinsic
system average. Peak correspondence was found at similar envelope frequencies (approx. 0.1 Hz) for low and high carrier frequencies. C. Correspondence spectra collapsed over the 0.1–
1 Hz modulation frequency range for both systems. Note oﬀset of peaks in the theta and alpha range. Shaded intervals indicate standard error of the mean across subjects. D. Peak
frequencies for within-subject system averages. Each marker represents the peak frequency in the 4–12 Hz range for one subject. Note systematically greater extrinsic than intrinsic peak
frequency in all subjects.
4 Inconsistent nomenclature persists. In the present work, we use 'intrinsic' vs.
'extrinsic'. This dichotomy is essentially equivalent to 'task-negative' vs. 'task-positive'
in Lee et al. (2012) or 'S1' vs. 'S2' in Doucet et al. (2011).
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in epilepsy surgery. It has been suggested that visual stimulation
increases broadband activity in visual cortex (Winawer et al., 2013).
However, Lewis and colleagues recently reported detailed observations
obtained in monkeys with high-resolution ECoG grids (252 electrodes)
implanted over visual cortex (Lewis et al., 2016). Analysis of the resting
state ECoG data demonstrated BLP correlation topographies strikingly
similar to BOLD fMRI functional connectivity within the human visual
system (compare Fig. 2 in Lewis et al. (2016) to Fig. 2 in Buckner and
Yeo (2014)). Importantly, the LFP frequencies contributing to the
resting state correlations exhibited two peaks, one in the alpha/beta
range, and one in the gamma range, with a clear trough in between (at
~40 Hz). Similar experimentation cannot be done in humans.
However, if we assume that functional connectivity is similar in the
human and the macaque (within the visual system), then the results
reported by Lewis and colleagues are highly consistent with the present
formulation of a correspondence spectrum, as illustrated in Fig. 6.
These results further support the view that the alpha/gamma system
largely corresponds to the sensory and motor areas of the cerebral
cortex.
Implications regarding selection of carrier frequency band for BLP
correlation mapping
The present investigation concerns which BLP carrier frequencies
exhibit envelope correlations in topographic correspondence with
BOLD fMRI RSNs. We ﬁnd evidence suggesting that theta and alpha
BLP correlations, respectively, are present in the intrinsic and extrinsic
systems. Importantly, these correlations may be sharply tuned with
respect to carrier frequency, as illustrated in Fig. 2C,F and 5B.
Moreover, the BLP spectral peak may vary across individuals, as shown
in Fig. 6D. Thus, well-deﬁned RSN topographies may not, in general,
be obtained using BLP spanning the canonical theta (3–7 Hz) or alpha
(8–12 Hz) bands. On the other hand, robust gamma-band correspon-
dence is a ubiquitous feature of ECoG correlation maps obtained with
all seeds, as shown in Fig. 6. Thus, if the primary objective of the
experiment is to deﬁne the topography of resting state correlations, as
in (Foster and Parvizi, 2012; Fukushima et al., 2012), then mapping
with high-frequency BLP oﬀers the most straightforward approach.
Caveats
Observations not consistent with the present formulation can be
found in the human ECoG literature. For example, (Foster et al., 2015)
illustrated focal correlations between posterior cingulate cortex and
angular gyrus, both nodes of the DMN, in high frequency broadband
(HFB) BLP and beta BLP but not theta BLP. Although this observation
does not agree with our ﬁndings, we note that it involves the PCC
(where our coverage is limited) and was computed in a ﬁxed canonical
frequency band in 3 subjects. A systematic comparison to fMRI across
more ﬁnely resolved frequencies and brain regions would be of interest
in datasets with extensive medial coverage. Our results, in some cases,
show sharply tuned spectral features narrower than canonical fre-
quency bands (see Fig. 2 and S6). The sharpness of these features and
the possibility of inter-subject frequency variability (e.g., of the alpha
band, see (Haegens et al., 2014)) underscores the importance of either
well resolved spectral analyses or perhaps individually tuned frequency
bins.
We have suggested that task-based induced responses inform what
we may expect in the resting state. In this context, we mention a task-
based ECoG study incorporating impressively wide coverage obtained
by pooling data from 16 subjects (Ramot et al., 2012). Induced gamma
responses conﬁrmed partition of the cortex into task positive vs. task
negative regions, in accordance with our results. The low frequency
induced responses within the DMN were described as occurring in the
alpha/beta (not theta) band. The extent of discrepancy with the present
results is unclear because, in some of the illustrated time-frequency
plots, the responses actually appear to be greatest in the delta/theta
range. Moreover, multiple cognitive processes were invoked, as the task
required visual processing mixed with language and conﬂict.
(Speciﬁcally, the subjects were asked to identify the class of object
depicted in images that had been degraded by backwards masking.).
A related complication arises in the interpretation of oscillatory
responses that change frequency, e.g., as in the experiment of (Fell
et al., 2011). In this case, subjects were shown regularly paced word
stimuli that had to be judged old or new. Medial temporal induced
theta began about 1 s ahead of each word but accelerated into the
alpha/beta band about a half second later. One interpretation of this
phenomenon is that task control processes activated during word
anticipation induced theta BLP after which spatial attention to the
screen induced faster activity. This interpretation is entirely consistent
with the conclusions reached by Voytek et al. (2010) on the basis of
EEG and ECoG studies contrasting non-visual (e.g., language) vs. visual
(target detection) tasks.
Relation to MEG
Magnetoencephalography (MEG) provides access to a temporal
frequency band (nominally, 1–100 Hz) inaccessible to fMRI. Hence,
combining MEG with fMRI oﬀers a potentially powerful approach to
investigating brain physiology (Hall et al., 2014). The topography of
task-evoked responses obtained with both modalities has been com-
pared using relatively straightforward methods, e.g., as in Singh et al.
(2002). Extending this experimental paradigm to the resting state is
not straightforward because the cross-modal comparison must be
made on the basis of correlation maps. Several groups have reported
MEG-fMRI comparisons of resting state data using disparate computa-
tional strategies, e.g., selection of temporal epochs meeting a particular
criterion of non-stationarity (de Pasquale et al., 2012), orthogonaliza-
tion of inversely modeled, source space time series (Hipp et al., 2012),
and normalization of the MEG data by an estimated signal-to-noise
ratio (Hipp and Siegel, 2015). Arguably, the most impressive topo-
graphic match to date between MEG and fMRI RSNs has been obtained
by the Nottingham group using ICA, e.g., (Brookes et al., 2011).
However, the associated MEG:fMRI correspondence spectrum does
not at all match Fig. 6. Speciﬁcally, this spectrum exhibits a broad
unimodal peak spanning the alpha and beta ranges (nominally 10–
30 Hz) and no statistically signiﬁcant correspondence in either the
delta/theta or gamma bands. The correspondence spectrum reported
by Hipp et al. (2012) (Supplementary Fig. 3) shows separation between
alpha and beta frequencies, as in current Fig. 6. However, no
correspondence is reported in the gamma range. Another study
designed to improve MEG:fMRI correspondence by eliminating volume
conduction eﬀects similarly reported ﬁndings largely in the alpha and
beta bands and nothing in the gamma band (Marzetti et al., 2013).
These discrepancies with respect to the present results most likely
reﬂect the very diﬀerent spatial speciﬁcities ECoG vs. MEG. Whereas
ECoG LFPs reﬂect localized current sources on a millimeter scale,
inverse source localization in MEG is uncertain by several centimeters
(Hauk et al., 2011). Moreover, MEG is insensitive to radial current
(Mosher et al., 1992), which is the likely principal source of ECoG
potentials (Buzsaki et al., 2012). A full account of the diﬀerences
between resting state MEG vs. ECoG as regards correspondence with
fMRI remains to be elucidated.
Conclusions
We have presented evidence suggesting that the dichotomy between
the intrinsic vs. extrinsic systems corresponds to the electrophysiologic
distinction between parts of the brain that communicate via theta vs.
alpha phase synchrony. We have reviewed prior results consistent with
this perspective as well as evidence not consistent with this perspective.
Thus, our conclusions amount to the articulation of a hypothesis. Tests
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of this hypothesis could be obtained from additional task-based ECoG
studies in humans. However, very few behavioral paradigms exclu-
sively recruit either the intrinsic or the extrinsic system because tasks
designed to engage working memory, control and language functions
must interface with the subject via sensory/motor processes. These
complications could be avoided by testing our hypothesis in monkeys
using wide coverage, high resolution ECoG, as in Lewis et al. (2016).
Ideally, the grid should provide coverage of both the intrinsic and
extrinsic systems so that the topographic distribution of theta vs. alpha
oscillations can be studied simultaneously in responses to task para-
digms as well as in the resting state.
Author Contributions
E.C.L. performed surgical procedures. C.D.H., A.Z.S., and M.P.
analyzed data. C.D.H., A.Z.S., M.C., and E.C.L., designed the study and
wrote the paper.
Acknowledgements
We thank John M. Zempel for technical assistance in acquiring and
organizing clinical ECoG data and Matthew F. Glasser and Nicholas P.
Szrama for technical assistance with analyses. Marcus E. Raichle,
Gordon L. Shulman, and Tomer Livne contributed helpful discussion.
This work was supported by NIH grants P30NS048056 (to A.Z.S.),
R01MH096482-01 (to M.C. and E.C.L.), and F30 MH099877-02 (to
C.D.H.), and the The McDonnell Center for Systems Neuroscience.
Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.neuroimage.2017.01.054.
References
Adolphs, R., 2009. The social brain: neural basis of social knowledge. Annu. Rev. Psychol.
60, 693–716.
Anderson, K.L., Rajagovindan, R., Ghacibeh, G.A., Meador, K.J., Ding, M.Z., 2010. Theta
oscillations mediate interaction between prefrontal cortex and medial temporal lobe
in human memory. Cereb. Cortex 20, 1604–1612.
Arnulfo, G., Hirvonen, J., Nobili, L., Palva, S., Palva, J.M., 2015. Phase and amplitude
correlations in resting-state activity in human stereotactical EEG recordings.
Neuroimage 112, 114–127.
Bahramisharif, A., van Gerven, M.A., Aarnoutse, E.J., Mercier, M.R., Schwartz, T.H.,
Foxe, J.J., Ramsey, N.F., Jensen, O., 2013. Propagating neocortical gamma bursts
are coordinated by traveling alpha waves. J. Neurosci. 33, 18849–18854.
Bastiaansen, M.C., Oostenveld, R., Jensen, O., Hagoort, P., 2008. I see what you mean:
theta power increases are involved in the retrieval of lexical semantic information.
Brain Lang. 106, 15–28.
Behzadi, Y., Restom, K., Liau, J., Liu, T.T., 2007. A component based noise correction
method (CompCor) for BOLD and perfusion based fMRI. Neuroimage 37, 90–101.
Brookes, M.J., Woolrich, M., Luckhoo, H., Price, D., Hale, J.R., Stephenson, M.C.,
Barnes, G.R., Smith, S.M., Morris, P.G., 2011. Investigating the electrophysiological
basis of resting state networks using magnetoencephalography. Proc. Natl. Acad. Sci.
USA 108, 16783–16788.
Buckner, R.L., Andrews-Hanna, J.R., Schacter, D.L., 2008. The brain's default network:
anatomy, function, and relevance to disease. Ann. N. Y. Acad. Sci. 1124, 1–38.
Buckner, R.L., Yeo, B.T.T., 2014. Borders, map clusters, and supra-areal organization in
visual cortex. Neuroimage 93, 292–297.
Burke, J.F., Ramayya, A.G., Kahana, M.J., 2015. Human intracranial high-frequency
activity during memory processing: neural oscillations or stochastic volatility? Curr.
Opin. Neurobiol. 31, 104–110.
Buzsaki, G., 2002. Theta oscillations in the hippocampus. Neuron 33, 325–340.
Buzsaki, G., Anastassiou, C.A., Koch, C., 2012. The origin of extracellular ﬁelds and
currents–EEG, ECoG, LFP and spikes. Nat. Rev. Neurosci. 13, 407–420.
Buzsaki, G., Logothetis, N., Singer, W., 2013. Scaling brain size, keeping timing:
evolutionary preservation of brain rhythms. Neuron 80, 751–764.
Buzsaki, G., Moser, E.I., 2013. Memory, navigation and theta rhythm in the
hippocampal-entorhinal system. Nat. Neurosci. 16, 130–138.
Buzsaki, G., Wang, X.J., 2012. Mechanisms of gamma oscillations. Annu. Rev. Neurosci.
35, 203–225.
Canolty, R.T., Knight, R.T., 2010. The functional role of cross-frequency coupling. Trends
Cogn. Sci. 14, 506–515.
Cavanagh, J.F., Frank, M.J., 2014. Frontal theta as a mechanism for cognitive control.
Trends Cogn. Sci. 18, 414–421.
Colgin, L.L., 2013. Mechanisms and functions of theta rhythms. Annu. Rev. Neurosci. 36,
295–312.
Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven
attention in the brain. Nat. Rev. Neurosci. 3, 201–215.
Cordes, D., Haughton, V., Carew, J.D., Arfanakis, K., Maravilla, K., 2002. Hierarchical
clustering to measure connectivity in fMRI resting-state data. Magn. Reson. Imaging
20, 305–317.
Crespo-García, M., Monika Zeiller, M., Leupold, C., Kreiselmeyer, G., Rampp, S., Hamer,
H.M., Dalal, S.S., 2016. Slow-theta power decreases during item-place encoding
predict spatial accuracy of subsequent context recall. Neuroimage.
de Pasquale, F., Della Penna, S., Snyder, A.Z., Marzetti, L., Pizzella, V., Romani, G.L.,
Corbetta, M., 2012. A cortical core for dynamic integration of functional networks in
the resting human brain. Neuron 74, 753–764.
Dosenbach, N.U., Visscher, K.M., Palmer, E.D., Miezin, F.M., Wenger, K.K., Kang, H.C.,
Burgund, E.D., Grimes, A.L., Schlaggar, B.L., Petersen, S.E., 2006. A core system for
the implementation of task sets. Neuron 50, 799–812.
Doucet, G., Naveau, M., Petit, L., Delcroix, N., Zago, L., Crivello, F., Jobard, G., Tzourio-
Mazoyer, N., Mazoyer, B., Mellet, E., Joliot, M., 2011. Brain activity at rest: a
multiscale hierarchical functional organization. J. Neurophysiol. 105, 2753–2763.
Ekstrom, A.D., Watrous, A.J., 2014. Multifaceted roles for low-frequency oscillations in
bottom-up and top-down processing during navigation and memory. Neuroimage 85
(Pt 2), 667–677.
Engel, A.K., Gerloﬀ, C., Hilgetag, C.C., Nolte, G., 2013. Intrinsic coupling modes:
multiscale interactions in ongoing brain activity. Neuron 80, 867–886.
Fedorenko, E., Duncan, J., Kanwisher, N., 2013. Broad domain generality in focal regions
of frontal and parietal cortex. Proc. Natl. Acad. Sci. USA 110, 16616–16621.
Fell, J., Ludowig, E., Staresina, B.P., Wagner, T., Kranz, T., Elger, C.E., Axmacher, N.,
2011. Medial temporal theta/alpha power enhancement precedes successful memory
encoding: evidence based on intracranial EEG. J. Neurosci. 31, 5392–5397.
Fischl, B., 2012. FreeSurfer. Neuroimage 62, 774–781.
Foster, B.L., Kaveh, A., Dastjerdi, M., Miller, K.J., Parvizi, J., 2013. Human retrosplenial
cortex displays transient theta phase locking with medial temporal cortex prior to
activation during autobiographical memory retrieval. J. Neurosci. 33, 10439–10446.
Foster, B.L., Parvizi, J., 2012. Resting oscillations and cross-frequency coupling in the
human posteromedial cortex. Neuroimage 60, 384–391.
Foster, B.L., Rangarajan, V., Shirer, W.R., Parvizi, J., 2015. Intrinsic and task-dependent
coupling of neuronal population activity in human parietal cortex. Neuron 86,
578–590.
Fox, M.D., Snyder, A.Z., Vincent, J.L., Corbetta, M., Van Essen, D.C., Raichle, M.E.,
2005. The human brain is intrinsically organized into dynamic, anticorrelated
functional networks. Proc. Natl. Acad. Sci. USA 102, 9673–9678.
Fries, P., 2005. A mechanism for cognitive dynamics: neuronal communication through
neuronal coherence. Trends Cogn. Sci. 9, 474–480.
Fukushima, M., Saunders, R.C., Leopold, D.A., Mishkin, M., Averbeck, B.B., 2012.
Spontaneous high-gamma band activity reﬂects functional organization of auditory
cortex in the awake macaque. Neuron 74, 899–910.
Gholipour, A., Kehtarnavaz, N., Gopinath, K., Briggs, R., Panahi, I., 2008. Average ﬁeld
map image template for Echo-Planar image analysis. Conf. Proc. IEEE Eng. Med.
Biol. Soc. 2008, 94–97.
Glasser, M.F., Sotiropoulos, S.N., Wilson, J.A., Coalson, T.S., Fischl, B., Andersson, J.L.,
Xu, J., Jbabdi, S., Webster, M., Polimeni, J.R., Van Essen, D.C., Jenkinson, M., 2013.
The minimal preprocessing pipelines for the Human Connectome Project.
Neuroimage 80, 105–124.
Gleiser, P.M., Spoormaker, V.I., 2010. Modelling hierarchical structure in functional
brain networks. Philos. Trans. Ser. A Math. Phys. Eng. Sci. 368, 5633–5644.
Goense, J.B., Logothetis, N.K., 2008. Neurophysiology of the BOLD fMRI signal in awake
monkeys. Curr. Biol. 18, 631–640.
Greenberg, J.A., Burke, J.F., Haque, R., Kahana, M.J., Zaghloul, K.A., 2015. Decreases in
theta and increases in high frequency activity underlie associative memory encoding.
Neuroimage 114, 257–263.
Grouiller, F., Thornton, R.C., Groening, K., Spinelli, L., Duncan, J.S., Schaller, K.,
Siniatchkin, M., Lemieux, L., Seeck, M., Michel, C.M., Vulliemoz, S., 2011. With or
without spikes: localization of focal epileptic activity by simultaneous
electroencephalography and functional magnetic resonance imaging. Brain: J.
Neurol. 134, 2867–2886.
Hacker, C.D., Laumann, T.O., Szrama, N.P., Baldassarre, A., Snyder, A.Z., Leuthardt,
E.C., Corbetta, M., 2013. Resting state network estimation in individual subjects.
Neuroimage 82, 616–633.
Haegens, S., Cousijn, H., Wallis, G., Harrison, P.J., Nobre, A.C., 2014. Inter- and intra-
individual variability in alpha peak frequency. Neuroimage 92, 46–55.
Hall, E.L., Robson, S.E., Morris, P.G., Brookes, M.J., 2014. The relationship between
MEG and fMRI. Neuroimage 102, 80–91.
Hauk, O., Wakeman, D.G., Henson, R., 2011. Comparison of noise-normalized minimum
norm estimates for MEG analysis using multiple resolution metrics. Neuroimage 54,
1966–1974.
He, B.J., Snyder, A.Z., Zempel, J.M., Smyth, M.D., Raichle, M.E., 2008.
Electrophysiological correlates of the brain's intrinsic large-scale functional
architecture. Proc. Natl. Acad. Sci. USA 105, 16039–16044.
Helfrich, R.F., Knight, R.T., 2016. Oscillatory dynamics of prefrontal cognitive control.
Trends Cogn. Sci. 20, 916–930.
Hermes, D., Miller, K.J., Noordmans, H.J., Vansteensel, M.J., Ramsey, N.F., 2010.
Automated electrocorticographic electrode localization on individually rendered
brain surfaces. J. Neurosci. Methods 185, 293–298.
Hipp, J.F., Hawellek, D.J., Corbetta, M., Siegel, M., Engel, A.K., 2012. Large-scale
cortical correlation structure of spontaneous oscillatory activity. Nat. Neurosci. 15,
884–890.
C.D. Hacker et al. NeuroImage 149 (2017) 446–457
456
Hipp, J.F., Siegel, M., 2015. BOLD fMRI correlation reﬂects frequency-speciﬁc neuronal
correlation. Curr. Biol. 25, 1368–1374.
Hsieh, L.T., Ranganath, C., 2014. Frontal midline theta oscillations during working
memory maintenance and episodic encoding and retrieval. Neuroimage 85,
721–729.
Jenkinson, M., Beckmann, C.F., Behrens, T.E., Woolrich, M.W., Smith, S.M., 2012. Fsl.
Neuroimage 62, 782–790.
Jensen, O., Gips, B., Bergmann, T.O., Bonnefond, M., 2014. Temporal coding organized
by coupled alpha and gamma oscillations prioritize visual processing. Trends
Neurosci. 37, 357–369.
Jiang, H., Bahramisharif, A., van Gerven, M.A., Jensen, O., 2015. Measuring
directionality between neuronal oscillations of diﬀerent frequencies. Neuroimage
118, 359–367.
Kahana, M.J., Sekuler, R., Caplan, J.B., Kirschen, M., Madsen, J.R., 1999. Human theta
oscillations exhibit task dependence during virtual maze navigation. Nature 399,
781–784.
Kahn, I., Andrews-Hanna, J.R., Vincent, J.L., Snyder, A.Z., Buckner, R.L., 2008. Distinct
cortical anatomy linked to subregions of the medial temporal lobe revealed by
intrinsic functional connectivity. J. Neurophysiol. 100, 129–139.
Keller, C.J., Bickel, S., Honey, C.J., Groppe, D.M., Entz, L., Craddock, R.C., Lado, F.A.,
Kelly, C., Milham, M., Mehta, A.D., 2013. Neurophysiological investigation of
spontaneous correlated and anticorrelated ﬂuctuations of the BOLD signal. J.
Neurosci. 33, 6333–6342.
Kelly, R.E., Jr., Alexopoulos, G.S., Wang, Z., Gunning, F.M., Murphy, C.F., Morimoto,
S.S., Kanellopoulos, D., Jia, Z., Lim, K.O., Hoptman, M.J., 2010. Visual inspection of
independent components: deﬁning a procedure for artifact removal from fMRI data.
J. Neurosci. Methods 189, 233–245.
Klimesch, W., 1999. EEG alpha and theta oscillations reﬂect cognitive and memory
performance: a review and analysis. Brain Res. Brain Res. Rev. 29, 169–195.
Ko, A.L., Weaver, K.E., Hakimian, S., Ojemann, J.G., 2013. Identifying functional
networks using endogenous connectivity in gamma band electrocorticography. Brain
Connect. 3, 491–502.
Koch, S.P., Werner, P., Steinbrink, J., Fries, P., Obrig, H., 2009. Stimulus-induced and
state-dependent sustained gamma activity is tightly coupled to the hemodynamic
response in humans. J. Neurosci. 29, 13962–13970.
Lee, M.H., Hacker, C.D., Snyder, A.Z., Corbetta, M., Zhang, D., Leuthardt, E.C., Shimony,
J.S., 2012. Clustering of resting state networks. PloS One 7, e40370.
Lega, B., Burke, J., Jacobs, J., Kahana, M.J., 2016. Slow-theta-to-gamma phase-
amplitude coupling in human hippocampus supports the formation of new episodic
memories. Cereb. Cortex 26, 268–278.
Leopold, D.A., Murayama, Y., Logothetis, N.K., 2003. Very slow activity ﬂuctuations in
monkey visual cortex: implications for functional brain imaging. Cereb. Cortex 13,
422–433.
Lewis, C.M., Bosman, C.A., Womelsdorf, T., Fries, P., 2016. Stimulus-induced visual
cortical networks are recapitulated by spontaneous local and interareal
synchronization. Proc. Natl. Acad. Sci. USA 113, E606-615.
Marzetti, L., Della Penna, S., Snyder, A.Z., Pizzella, V., Nolte, G., de Pasquale, F., Romani,
G.L., Corbetta, M., 2013. Frequency speciﬁc interactions of MEG resting state
activity within and across brain networks as revealed by the multivariate interaction
measure. Neuroimage 79, 172–183.
Miller, K.J., Honey, C.J., Hermes, D., Rao, R.P., denNijs, M., Ojemann, J.G., 2014.
Broadband changes in the cortical surface potential track activation of functionally
diverse neuronal populations. Neuroimage 85 (Pt 2), 711–720.
Miller, K.J., Leuthardt, E.C., Schalk, G., Rao, R.P., Anderson, N.R., Moran, D.W., Miller,
J.W., Ojemann, J.G., 2007. Spectral changes in cortical surface potentials during
motor movement. J. Neurosci. 27, 2424–2432.
Mosher, J.C., Lewis, P.S., Leahy, R.M., 1992. Multiple dipole modeling and localization
from spatiotemporal meg data. IEEE Trans. Biomed. Eng. 39, 541–557.
Nir, Y., Fisch, L., Mukamel, R., Gelbard-Sagiv, H., Arieli, A., Fried, I., Malach, R., 2007.
Coupling between neuronal ﬁring rate, gamma LFP, and BOLD fMRI is related to
interneuronal correlations. Curr. Biol. 17, 1275–1285.
Nir, Y., Mukamel, R., Dinstein, I., Privman, E., Harel, M., Fisch, L., Gelbard-Sagiv, H.,
Kipervasser, S., Andelman, F., Neufeld, M.Y., Kramer, U., Arieli, A., Fried, I., Malach,
R., 2008. Interhemispheric correlations of slow spontaneous neuronal ﬂuctuations
revealed in human sensory cortex. Nat. Neurosci. 11, 1100–1108.
Oehrn, C.R., Baumann, C., Fell, J., Lee, H., Kessler, H., Habel, U., Hanslmayr, S.,
Axmacher, N., 2015. Human hippocampal dynamics during response conﬂict. Curr.
Biol. 25, 2307–2313.
Oehrn, C.R., Hanslmayr, S., Fell, J., Deuker, L., Kremers, N.A., Do Lam, A.T., Elger, C.E.,
Axmacher, N., 2014. Neural communication patterns underlying conﬂict detection,
resolution, and adaptation. J. Neurosci. 34, 10438–10452.
Ojemann, J.G., Akbudak, E., Snyder, A.Z., McKinstry, R.C., Raichle, M.E., Conturo, T.E.,
1997. Anatomic localization and quantitative analysis of gradient refocused echo-
planar fMRI susceptibility artifacts. Neuroimage 6, 156–167.
Pfurtscheller, G., Lopes da Silva, F.H., 1999. Event-related EEG/MEG synchronization
and desynchronization: basic principles. Clin. Neurophysiol. 110, 1842–1857.
Piai, V., Anderson, K.L., Lin, J.J., Dewar, C., Parvizi, J., Dronkers, N.F., Knight, R.T.,
2016. Direct brain recordings reveal hippocampal rhythm underpinnings of language
processing. Proc. Natl. Acad. Sci. USA 113, 11366–11371.
Potes, C., Brunner, P., Gunduz, A., Knight, R.T., Schalk, G., 2014. Spatial and temporal
relationships of electrocorticographic alpha and gamma activity during auditory
processing. Neuroimage 97, 188–195.
Power, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2012. Spurious
but systematic correlations in functional connectivity MRI networks arise from
subject motion. Neuroimage 59, 2142–2154.
Power, J.D., Mitra, A., Laumann, T.O., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2014.
Methods to detect, characterize, and remove motion artifact in resting state fMRI.
Neuroimage 84, 320–341.
Qian, T., Zhou, W., Ling, Z., Gao, S., Liu, H., Hong, B., 2013. Fast presurgical functional
mapping using task-related intracranial high gamma activity. J. Neurosurg. 119,
26–36.
Raghavachari, S., Kahana, M.J., Rizzuto, D.S., Caplan, J.B., Kirschen, M.P., Bourgeois,
B., Madsen, J.R., Lisman, J.E., 2001. Gating of human theta oscillations by a
working memory task. J. Neurosci. 21, 3175–3183.
Raichle, M.E., 2009. A paradigm shift in functional brain imaging. J. Neurosci. 29,
12729–12734.
Ramot, M., Fisch, L., Harel, M., Kipervasser, S., Andelman, F., Neufeld, M.Y., Kramer,
U., Fried, I., Malach, R., 2012. A widely distributed spectral signature of task-
negative electrocorticography responses revealed during a visuomotor task in the
human cortex. J. Neurosci. 32, 10458–10469.
Roux, F., Uhlhaas, P.J., 2014. Working memory and neural oscillations: alpha-gamma
versus theta-gamma codes for distinct WM information? Trends Cogn. Sci. 18,
16–25.
Sauseng, P., Klimesch, W., Heise, K.F., Gruber, W.R., Holz, E., Karim, A.A., Glennon, M.,
Gerloﬀ, C., Birbaumer, N., Hummel, F.C., 2009. Brain oscillatory substrates of visual
short-term memory capacity. Curr. Biol. 19, 1846–1852.
Scholvinck, M.L., Leopold, D.A., Brookes, M.J., Khader, P.H., 2013. The contribution of
electrophysiology to functional connectivity mapping. Neuroimage 80, 297–306.
Sederberg, P.B., Kahana, M.J., Howard, M.W., Donner, E.J., Madsen, J.R., 2003. Theta
and gamma oscillations during encoding predict subsequent recall. J. Neurosci. 23,
10809–10814.
Shulman, G.L., Corbetta, M., Buckner, R.L., Fiez, J.A., Miezin, F.M., Raichle, M.E.,
Petersen, S.E., 1997a. Common blood ﬂow changes across visual tasks: i. Increases in
subcortical structures and cerebellum but not in nonvisual cortex. J. Cogn. Neurosci.
9, 624–647.
Shulman, G.L., Fiez, J.A., Corbetta, M., Buckner, R.L., Miezin, F.M., Raichle, M.E.,
Petersen, S.E., 1997b. Common blood ﬂow changes across visual tasks: ii. Decreases
in cerebral cortex. J. Cogn. Neurosci. 9, 648–663.
Singh, K.D., Barnes, G.R., Hillebrand, A., Forde, E.M.E., Williams, A.L., 2002. Task-
related changes in cortical synchronization are spatially coincident with the
hemodynamic response. Neuroimage 16, 103–114.
Smith, S.M., Vidaurre, D., Beckmann, C.F., Glasser, M.F., Jenkinson, M., Miller, K.L.,
Nichols, T.E., Robinson, E.C., Salimi-Khorshidi, G., Woolrich, M.W., Barch, D.M.,
Ugurbil, K., Van Essen, D.C., 2013. Functional connectomics from resting-state
fMRI. Trends Cogn. Sci. 17, 666–682.
Smyser, C.D., Inder, T.E., Shimony, J.S., Hill, J.E., Degnan, A.J., Snyder, A.Z., Neil, J.J.,
2010. Longitudinal analysis of neural network development in preterm infants.
Cereb. Cortex 20, 2852–2862.
Spaak, E., Bonnefond, M., Maier, A., Leopold, D.A., Jensen, O., 2012. Layer-speciﬁc
entrainment of gamma-band neural activity by the alpha rhythm in monkey visual
cortex. Curr. Biol. 22, 2313–2318.
van der Meij, R., Kahana, M., Maris, E., 2012. Phase-amplitude coupling in human
electrocorticography is spatially distributed and phase diverse. J. Neurosci. 32,
111–123.
Voytek, B., Canolty, R.T., Shestyuk, A., Crone, N.E., Parvizi, J., Knight, R.T., 2010. Shifts
in gamma phase-amplitude coupling frequency from theta to alpha over posterior
cortex during visual tasks. Front. Hum. Neurosci., 4.
Wang, L., Saalmann, Y.B., Pinsk, M.A., Arcaro, M.J., Kastner, S., 2012.
Electrophysiological low-frequency coherence and cross-frequency coupling
contribute to BOLD connectivity. Neuron 76, 1010–1020.
Watrous, A.J., Lee, D.J., Izadi, A., Gurkoﬀ, G.G., Shahlaie, K., Ekstrom, A.D., 2013a. A
comparative study of human and rat hippocampal low-frequency oscillations during
spatial navigation. Hippocampus 23, 656–661.
Watrous, A.J., Tandon, N., Conner, C.R., Pieters, T., Ekstrom, A.D., 2013b. Frequency-
speciﬁc network connectivity increases underlie accurate spatiotemporal memory
retrieval. Nat. Neurosci. 16, 349–356.
Winawer, J., Kay, K.N., Foster, B.L., Rauschecker, A.M., Parvizi, J., Wandell, B.A., 2013.
Asynchronous broadband signals are the principal source of the BOLD response in
human visual cortex. Curr. Biol. 23, 1145–1153.
Zielinski, B.A., Gennatas, E.D., Zhou, J., Seeley, W.W., 2010. Network-level structural
covariance in the developing brain. Proc. Natl. Acad. Sci. USA 107, 18191–18196.
C.D. Hacker et al. NeuroImage 149 (2017) 446–457
457
